ABSTRACT: Fixation of osteoporotic proximal humerus fractures has remained challenging, but may be improved by careful preoperative planning. The aim of this study was to investigate how well the failure of locking plate fixation of osteoporotic proximal humerus fractures can be predicted by bone density measures assessed with currently available clinical imaging (realistic case) and a higher resolution and quality modality (theoretical best-case). Various density measures were correlated to experimentally assessed number of cycles to construct failure of plated unstable low-density proximal humerus fractures (N ¼ 18). The influence of density evaluation technique was investigated by comparing local (peri-implant) versus global evaluation regions; HR-pQCT-based versus clinical QCT-based image data; ipsilateral versus contralateral side; and bone mineral content (BMC) versus bone mineral density (BMD). All investigated density measures were significantly correlated with the experimental cycles to failure. The best performing clinically feasible parameter was the QCT-based BMC of the contralateral articular cap region, providing significantly better correlation (R 2 ¼ 0.53) compared to a previously proposed clinical density measure (R 2 ¼ 0.30). BMC had consistently, but not significantly stronger correlations with failure than BMD. The overall best results were obtained with the ipsilateral HR-pQCT-based local BMC (R 2 ¼ 0.74) that may be used for implant optimization. Strong correlations were found between the corresponding density measures of the two CT image sources, as well as between the two sides. Future studies should investigate if BMC of the contralateral articular cap region could provide improved prediction of clinical fixation failure compared to previously proposed measures. ß
The fixation of osteoporotic fractures of the proximal humerus remains a major challenge in trauma surgery. Even with state-of-the-art implants such as the recently introduced angular stable plate osteosynthesis 1,2 the rate of mechanical fixation failures was reported to be 35%, 3 ranging up to 86% for the most endangered patient group. 4 Moreover, the number of fragility fractures including those of the proximal humerus is expected to increase with the aging of the population and the prevalence of osteoporosis. 5 The treatment of these fractures should therefore be improved.
A general difficulty in osteoporotic fracture fixation is that implant purchase is limited by the deteriorated mechanical competence of the bone stock. Under these conditions, primary implant stability is determined by the failure of bone, rather than the metal. 6 Bone volume fraction (BV/TV) is known to be the main determinant of the mechanical properties of trabecular bone. 7 Screw pull-out stability in the humeral head was shown, in a computational study, to be tightly correlated with peri-implant BV/TV. 8 To date, BV/TV cannot be assessed clinically and the best surrogate measure is the apparent bone mineral density (BMD). The relation between BMD and implant failure has been demonstrated biomechanically. 9 Specifically, for angle-stable plate fixations, BMD of the proximal humerus was found to be significantly correlated with the load magnitude or the number of cycles at failure in most, [10] [11] [12] [13] [14] but not in all 15 experimental studies. Clinical assessment of BMD on the ipsilateral side is limited by the presence of the fracture. Therefore, it was proposed to quantify density on the contralateral uninjured side and this measure was shown to be significantly different between patients with and without proximal humerus fractures. 16 Besides anatomical reduction and the presence of medial support, contralateral BMD was found to be an important factor determining fixation failure and was suggested to be a potential pre-operative indicator of success. 17 However, in a recent targeted study, Kralinger et al. 3 found no significant difference in BMD between patients with and without fixation failure, concluding that the generally low bone density of all humerus fracture patients in their cohort did not allow clinical detection of the potential differences.
The inconsistency in the predictive power of BMD observed experimentally and clinically may have several reasons. Besides the composition of the sample or donor group, an important factor may be the definition of BMD, showing large scatter among the previous studies in terms of the quality, resolution and accuracy of image acquisition and the selection of the region of assessment. Some studies assessed areal BMD using dual X-ray absorptiometry (DEXA) of the proximal part, 10, 11, 15 others measured volumetric BMD by means of clinical quantitative CT (QCT) based slicewise evaluation in the head, 3, 12, 14, 16 or by highresolution peripheral QCT (HR-pQCT) based 3D measurement in the head region. 13 The evaluation region was also found to be important in a numerical study by showing that BV/TV of the entire humeral head was a much weaker predictor of single screw stability (R 2 ¼ 0.52) compared to the local peri-implant region (R 2 ¼ 0.97). 8 The validity of contralateral BMD is supported by the finding that cancellous BMD of the head was correlated between left and right humeri of elderly donors (R 2 ¼ 0.77). 18 However, the ability of contralateral density in predicting fixation failure has remained unclear. With the advancement of technology, image resolution and quality are expected to improve, delivering potentially more accurate measures of bone density. Moreover, BMD may not be the most efficient density-based predictor of construct failure. Bone mineral content (BMC) was found to have a stronger correlation to distal radius fracture load than BMD. 19 Previous studies investigating the failure of instrumented bone fractures considered only BMD as a potential metric, but the predictive power of BMC has not been investigated. Even if BMD and BMC are dependent parameters, our previous findings suggested that these two measures may carry independent fracture-relevant information. 19 In summary, previous studies suggest that bone density may indeed have a potential to predict fixation failure in instrumented proximal humerus fractures, but the large variation in the evaluation of the density-based parameters does not allow to draw a clear picture and the optimal measure may not have been identified yet. However, a clinically available parameter could support pre-operative decision making. 16 Considering all this, the main hypothesis of this study was that (i) bone density is correlated with failure in locking plate fixation of low-density proximal humerus fractures. Further hypotheses were that this correlation was stronger (ii) for the ipsilateral compared to the contralateral side; (iii) for HR-pQCTbased compared to clinical QCT-based data; (iv) for a local (peri-implant) sub-volume compared to a global evaluation region (humeral head); and (v) for BMC compared to BMD. The goal of this study was to test these hypotheses by correlating various density measures to the experimentally assessed number of cycles to construct failure in plated unstable low-density proximal humerus fractures. A particular aim was to investigate the theoretically possible best case and the clinically available realistic case scenarios.
MATERIALS AND METHODS

Sample Preparation and Mechanical Testing
Prior to this work, three-part fractures were created in twenty proximal humeri, stabilized with angle-stable plate osteosythesis, and tested to failure cyclically in a previous study. 20 In brief, 10 pairs of fresh frozen human cadaveric proximal humeri from elderly donors (eight females and two males, age range: 69-98 years, mean AE SD: 86.7 AE 8.0 years) were osteotomized to create unstable three-fragment fractures with medial comminution (AO 11-B3.2) and instrumented with a standard titanium locking plate (PHILOS, DePuy Synthes Inc., Oberdorf, Switzerland). Mimicking the minimally invasive operation technique that utilizes a percutaneous aiming system, 21 only the four most proximal locking screws were used. By means of a previously developed experimental setup, 13 the instrumented samples were tested to failure cyclically. Number of cycles to failure was evaluated based on the residual displacement at valley load. One sample had to be excluded due to experimental issues and the present study was conducted using the remaining nineteen specimens.
CT Imaging and Image Processing
The proximal 160 mm of each intact humerus was scanned with high resolution peripheral quantitative computer tomography (HR-pQCT, XtremeCT, Scanco Medical AG, Br€ uttisellen, Switzerland). Scanning settings were 60 kVp voltage, 900 mA current, and 82 mm isotropic voxel size (will be referred to as pre-OP-HR scans). The intact samples were scanned also by means of clinical CT (SOMATOM Emotion 6, Siemens Medical Systems, Erlangen, Germany) with 110 kV energy, 114 mA current, 0.63 slice thickness and 512 Â 512 matrix, resulting in an approximately 0.2 mm in-plane pixel size (pre-OP-LR scans). The European Forearm Phantom (EFP, QRM GmbH, Germany) was placed at the head region and scanned together with the bones. Clinical CT imaging was repeated following the preparation of the osteotomies (post-OT scans) and after instrumentation (post-OP scans) using the same settings described above, but without the EFP.
The pre-OP CT images were converted to BMD units (HAmg/cm 3 ) using the scanner's calibration function for the HR scans, respectively with case-specific EFP-based conversion rules for the clinical CT scans. Image voxels with a BMD value lower water density were set to 0 HAmg/cm 3 . Consistent evaluation of BMD among the different CT images required a common coordinate system. To achieve this, the ipsilateral pre-OP-HR and the pre-OP-LR images, as well as the contralateral pre-OP-HR and pre-OP-LR images were registered to the ipsilateral post-OP image using Amira 6.0 (FEI, Hillsboro, OR). The basis of this registration was the head fragment domain that was identified using the head fragment mask extracted from the registered post-OT image. The registered images were then rescaled to 0.3 mm isotropic voxel size.
Anatomical and Implant Landmark Identification
The external bone contour was detected on the pre-OP-HR images using a special fill algorithm 22 implemented in Medtool 3.8. 23 Anatomical landmarks of the proximal humeri were then identified using a custom-developed script implemented in Octave 4.0 (www.gnu.org/software/octave/) as follows. The radius and the center of the inscribed sphere of the humeral head were defined as the maximum value and location of the distance transform of the outer bone mask image, respectively. The external bone contour was meshed with 1.5 mm triangular elements using the iso2 mesh 2013 toolbox. 24 The shaft region of this surface was defined with nodes located distal to the inscribed sphere center of the head, at a minimum distance of 1.5 times the sphere radius. The shaft axis was identified as the eigenvector of the largest principal component eigenvalue of the shaft mesh nodes. The neck axis was assumed to have a 45˚medial angle with the shaft axis and its direction in the transverse plane was defined as the vector connecting the center of the inscribed sphere and the approximated center of the articular surface. The latter point was selected manually on a transverse DENSITY PREDICTS HUMERUS FIXATION FAILURE section cut through the head center. The screw tips and heads were identified manually on the post-OP images using 3D isosurface plots of the metal parts.
Density Evaluations
Three evaluation regions were defined for the intact humeri. The first one was the inscribed sphere of the humeral head, radius of which was decreased by 15% to avoid the inclusion of the dense subchondral bone layer ( Fig. 1b and g ). The second region was the volume under the articular surface resembling a spherical cap, bounded with a cut-plane that was perpendicular to the neck axis and passed through the inscribed sphere center. This region was then shrunk by 3 mm to exclude dense subchondral bone ( Fig. 1c and h ). The third evaluation method was an automated version of the clinical approach introduced by Krappinger et al. 16 that was implemented as follows. Three transverse image slices, equally distributed between the most proximal point of the head and the most distal point of the articular surface, were identified. For each slice, a circle was fitted to the articular surface and its radius was decreased by 15% to remove the dense subchondral region. The evaluation region was the union of the three circular regions (Fig. 1d , i, k-m).
A further domain was defined to quantify density around the screws in the instrumented humeri. For each of the four proximal screws, a cylindrical region of interest (ROI) was defined around the screw tip with a diameter of 8 mm and length of 20 mm, 5 mm of which was medial to the screw tip and 15 mm toward the screw head. The dense subchondral bone compartment was excluded from the ROIs. The evaluation domain was the union of the four ROIs ( Fig. 1e and j) . The effect of the ROI parameters was investigated on the ipsilateral HR-pQCT data by considering the cylinders around only one or two screws; and by modifying the cylinders' diameter (6 or 10 mm) or length (10 or 30 mm).
For all four evaluation regions, the average BMD and the total BMC was quantified for both the HR and LR pre-OP images and for both the ipsilateral and contralateral sides. Additionally, for the Krappinger-region, also the fat-corrected mean BMD was evaluated by excluding from the averaging the voxels with density values equal or below water density, as it was proposed by the authors. 16 Statistics Normality of the distributions of all investigated parameters was checked and confirmed using the Shapiro-Wilk test. Linear regression analysis was performed and the squared Pearson's correlation coefficient (coefficient of determination, R 2 ) was quantified to evaluate how well the 36 assessed parameters, that is, the two density measures (average BMD and total BMC) evaluated at the four different regions of the two sides quantified on the images of the two CTs, predict the experimental number of cycles to failure. The correlations were considered statistically significant at a ¼ 0.05. The Cook's test was used to detect outliers. The correlations were compared using the method proposed by Steiger 25 implemented in the cocor package 26 and considered statistically different when p < 0.05. Further, the correlations between the two sides, as well as Figure 1 . Illustration of the four density evaluation regions investigated in this study. In (a), the outer surface and the mid-coronal HR-pQCT slice show the proximal humerus shape and bone distribution. For all four regions, the domain boundaries (b-e) and the corresponding HR-pCT-based densities (g-j) are shown. For the intact bone, three evaluation regions were considered, including the shrunk inscribed sphere (b and g), the shrunk articular cap volume (c and h) and circular regions of three axial slices according to the method of Krappinger et al. 16 (d, i, k-m). For the fractured and plated humerus, the evaluation region was the union of the four cylindrical sub-volumes around the screw tips, restricted to the inner compartment of the head fragment to avoid subchondral bone (e). between the two CT image data were also evaluated for both density measures of all four evaluation regions. All statistical tests were performed using R v3.3.3 (www.r-project.org).
RESULTS
Number of cycles to failure was 10,500 AE 3,300 (mean AE SD, range: 3,100-16,400). 20 One of the nineteen samples had to be excluded as it was found to be an outlier based on several density measures of the ipsilateral side. For the remaining eighteen samples, all results are available in the Supplementary Material document. Each density measure was significantly correlated with the number of cycles to failure (Table 1) .
When using the same CT image source, the ipsilateral side provided better predictions than the contralateral one. Considering the same side, the HR-pQCT-based measures performed better than the clinical QCT-based ones. The best-predicting evaluation regions were, depending on the side and CT image, the ROIs around the proximal screws, or the articular cap domain. The weakest correlations were obtained using the inscribed sphere, or the Krappinger method. For all analysis regions, BMC was correlated more strongly with construct failure than BMD. However, only a few differences between the correlation coefficients reached significance. Due to the large number (630) of potential comparisons between all 36 parameters, only the most relevant statistically significant differences are described here. Compared to the state-of-the-art fat-corrected Krappinger BMD, significantly stronger predictors of construct failure were obtained with almost all measures. The exceptions were the parameters of the inscribed sphere region, contralateral BMDs of the screw ROI and the Krappinger region, and ipsilateral HR-pQCT-based BMDs of the screw ROI and the Krappinger region.
The overall best result was obtained with the ipsilateral HR-pQCT-based BMC of the screw ROI (R 2 ¼ 0.742), which was significantly stronger than the correlations of the ipsilateral and the contralateral QCT-based versions the same measure, BMDs and BMCs of the contralateral Krappinger region, and all QCT-based BMDs. The best clinically available measure was the contralateral clinical QCT-based BMC of the articular cap domain (R 2 ¼ 0.530) and this was significantly better than the fat-corrected Krappinger BMD of the same side and image source. The visual summary of all BMC-based coefficients of variation is shown in Figure 2 , together with the finite element analysis results obtained in a previous study 20 included for comparison.
With respect to the screw ROI composition, the best-performing single screw was the anterior-proximal one (BMD: (Table 2 ). In general, the clinical QCT-based densities were better correlated between the two sides than the HR-pQCT-based ones. The correlation between the corresponding results of the two CT image types was strong for all measures, ranging from R 2 ¼ 0.918 (BMC of the inscribed sphere region) up to R 2 ¼ 0.967 (BMC of the screw ROI).
DISCUSSION
The main finding of this study was that bone density in the humeral head was shown to be significantly correlated with the experimental number of cycles to construct failure in instable low-density proximal humerus fractures instrumented with angle-stable plates. However, the strength of this correlation was highly dependent on the used density measure, the evaluation region and side, as well as the resolution and quality of the CT images. For the clinically relevant data, that is, contralateral QCT images, the best prediction of construct failure was obtained using BMC of the spherical cuplike evaluation volume under the articular surface. This correlation was significantly stronger compared to that obtained with a previously proposed clinical density measure. 16 The latter was used also in a clinical study, 3 but has not been demonstrated to be optimal for predicting construct failure. The reason why articular cup BMC was found to be a better predictor in this study may be twofold. On the one hand, evaluating BMC instead of BMD appeared to slightly improve the correlation for all regions and image sources, even if these differences did not reach significance and thus remain trends. Being a simple sum of density within the selected domain, BMC is also available clinically. However, it is an integral measure and thus depends on the size of the evaluation region. To overcome this, BMD is preferred over BMC in general osteoporosis screening. Still, this sizedependency was found to be an advantage in this study.
On the other hand, the evaluation region may be responsible for the differences. The Krappinger-based region provided stronger correlation compared to the articular cup region only for the ipsilateral HR-pQCTbased BMC. For all other measures, the trend was inverted and became stronger as image resolution and quality decreased. This suggests that, for clinically feasible data, a large and three-dimensional evaluation domain allows more robust density evaluation than the slice-wise assessment; however, only if it is located in a relevant part of the bone. The inscribed sphere domain, even if being large in volume, includes significant marrow space located in the middle of the proximal humerus (Fig. 1g ) that may not be mechanically relevant. In a previous study, Lee at al. 27 defined a cubical evaluation domain for the proximal humerus located laterally, located between the center of the humeral head and the greater tubercle. This region may be anatomically reproducible, as it was stated by the authors, but our data suggests that it is probably not relevant for predicting the failure of angle stable plate fixations, that occurs primarily in the head region. In turn, the vicinity of the articular surface represents the region of best bone quality within the humeral head (Fig. 1f and h) , 28 determining screw purchase. Further, for the clinically feasible contralateral data, articular cap BMC provided slightly better predictions of fixation failure than BMC of the local evaluation ROI around the proximal screws. The reason for this may be that the articular cap showed, compared to the screw ROIs, superior correlations between the two sides. Also from a clinical point of view, having a generally definable region is probably more advantageous than the screw ROI that is specific to the actual case, including factors of fracture reduction and implant configuration. These further support the relevance of the articular cap domain. Even though the size of this region was different for each sample, the definition was automated and reproducible, supporting clinical applicability. However, even when using articular cup BMC, the strength of the correlation remained moderate for the clinically relevant data. Further studies are therefore required to evaluate the effect of CT image quality and resolution on the accuracy of BMC assessment and to investigate if this new measure could provide improved prediction of clinical fixation failure compared to the previously proposed measure of Krappinger et al.
With respect to clinical translation, our results suggest that the most straightforward improvement compared to the standard Krappinger method could be to evaluate total BMC, and not the originally proposed fat-corrected average BMD, in the three slices specified by those authors. 16 Further improvements may be achieved by implementing the evaluation of the articular cap region as a clinically applicable image processing protocol. Evidently, the required efforts and interaction for density assessment should be minimized to save the valuable time of surgeons and the related costs. Given the fully automated nature of the landmark identification and density evaluation algorithms presented here, their clinical implementation appears feasible. Additionally, these methods require the external contour of the humerus to be defined, which could be achieved with minimal effort using advanced image segmentation tools. 29 However, these extra efforts should be first justified by clinical data demonstrating the superiority of the new articular cup based measure compared to the Krappinger method. Clinical studies would also be required to establish thresholds, guidelines and/or algorithms for surgical decision making based on the preoperatively assessed density value and other complementary factors. Nevertheless, all density evaluation techniques presented here, as well as that of Krappinger et al., rely on the availability of CT images. Acquisition of preoperative CT is a standard procedure in complicated cases including highly displaced, multi-fragment and/or osteoporotic fractures. However, such images may not be available in all countries and regions, or the costs may not be justified over conventional X-ray.
Improved image quality and resolution, provided by HR-pQCT, was indicated to strengthen, even if nonsignificantly, the predictions for all measures. This was the case even though the correlations between the densities of the two CT images were very strong. While HR-pQCT is currently applicable only to the distal radius and tibia, these results demonstrate the potential of enhanced clinical image acquisition technology that is expected to become available in the future also for other anatomical sites. Further, density measures evaluated on the ipsilateral side performed better than the corresponding ones on the contralateral side. The clinical feasibility of an ipsilateral density measure is, at least at the current point in time, questionable and depends on the fragmentation, dislocation and other factors of the fracture. Nevertheless, for extra-articular fractures treated with osteosynthesis, the articular cup region may still be assessable.
The overall best correlations were obtained, as hypothesized, using the local evaluation region around the screw tips on the ipsilateral HR-pQCT images. In a previous study, local BMD around a single screw was demonstrated to provide excellent prediction of microFE-based pull-out stiffness in the humeral head and to outperform global density in this respect. 8 Tingart et al. 30 found that regional pQCT-based BMD was correlated with experimental fracture load and with the number of cycles to failure in single screw pullout tests. However, the results showed large scatter (R ¼ 0.25-0.83) and the strongest correlations were obtained for the low-density domains. The reason for this large variation may be that BMD was evaluated for larger regions in that study and not in the direct vicinity of the screw. Peri-implant bone volume fraction was shown to be strongly correlated with the experimental ultimate force (R 2 ¼ 0.85) 31 and final displacement (R 2 ¼ 0.95) 32 of dynamic hip screws in five femoral heads. In comparison to most of those results, average BMD around the screws showed weaker correlation with fatigue failure in the present study. This may partially be due to the fact that mechanical behavior and construct failure of a multicomponent implant system is a more complex phenomenon than that of a single screw. We found that total BMC around the screws, representing the amount of bone material within the cylinders around the screw tips, tended to be better than average BMD in this respect. However, the difference between the predictive power of these two measures was not significant DENSITY PREDICTS HUMERUS FIXATION FAILURE and further studies with larger same sample sets would be required to evaluate the potential added value of BMC over BMD. Still, our results suggest that peri-implant density measures may indeed be robust predictors of construct failure and support previous approaches aiming at optimizing implant design on the basis of local density. 30, 33, 34 Nevertheless, the dominance of the local screw ROI observed on the ipsilateral HR-pQCT data was lost when evaluating density on clinical QCT data and/or on the contralateral side, indicating the need of relevant, high-resolution and high-quality image data. Moreover, even the best density-based parameters remain surrogate measures of the mechanical properties. Indeed, average compressive strain around the screws, evaluated by means of finite element simulations, was found to be an even better predictor of construct failure (Fig. 2) . 20 There are two previous biomechanical studies that investigated the correlation between number of cycles to construct failure in locking plate fixation and Krappinger-based QCT BMD. Unger at al.
14 showed R 2 ¼ 0.789 in bending (N ¼ 6) and R 2 ¼ 0.566 in torsion (N ¼ 6), while Roderer et al. 12 reported R 2 ¼ 0.58 in bending (N ¼ 6). In the present study, we found weaker correlations (R 2 ¼ 0.494). This may be due to several factors including the sample set, fixation type, and loading mode. The sample set used in the present study may include more osteoporotic subjects, with the range of BMD measured with the Krappinger method being 48.5-121.2 mg/cm 3 , compared to approximately 70-160 mg/cm 3 in the study of Unger et al. and 75-100 mg/cm 3 in the work of Roderer et al. The proximal fragments were fixed with the four most proximal screws of the PHILOS plate in this work, but with the most proximal six plate screws in those other studies. Our previous study 20 applied a gentler loading protocol, with a smaller increase of the peak force (0.025 N/cycle) compared to the other two studies (0.035 N/cycle). Additionally, Unger et al. used a different, more aggressive loading mode by embedding the humeral head in bone cement. The definition of fixation failure was also different in each of those studies. Due to these differences, the range of the number of cycles to construct failure were wider in this work (3,100-16,400) compared to the experiments of Unger et al. (approximately 3,000-9,000) and Roderer et al. (approximately 3,500-6,000). Having a larger range of data usually improves the strength of correlations. However, due to the several methodological differences between the studies described above, the reasons for the different correlations cannot be clearly unraveled. Nevertheless, the inclusion of very low-density samples may be relevant for representing the highly osteoporotic subjects, that is, the most important target group for predicting fixation failure. Further, the large variance of the cycles to failure reflect a wide span of underlying bone mechanics. As the latter is an essential component of the clinical failure, its prediction via clinically available imaging is relevant.
Diederichs et al. found that cancellous BMD of the head was strongly correlated between left and right humeri in an elderly donor group (R 2 ¼ 0.77, N ¼ 31). Considering the QCT-based average BMD in the inscribed sphere (R 2 ¼ 0.807), which is probably the closest measure to that used by Diederichs et al., our results show reasonable match with theirs.
The limitations of the present study should be considered when interpreting the above described findings. Construct failure of the instrumented humerus fractures was investigated by biomechanical testing of a relatively small sample set. Therefore, the findings may not be extrapolated to a larger group. The moderate sample size limited statistical comparisons of the correlations and significance of the differences was reached only in specific cases. Further, the experimental fracture model and the single loading mode investigated here may not be representative for clinical cases. Forecasting clinical fixation failure is more complex compared to the prediction of biomechanical results. The factors influencing the success of a treatment, but not investigated in this study, include the severity and stability of the fracture, quality of the fracture reduction, the available blood supply of the fragments, mode of fixation, the accuracy of the implantation, surgery duration, and the biological healing potential of the patient. Moreover, mechanical fixation failure is determined not only by the strength of the fixation, but also by the magnitude and frequency of the applied loads, which may largely differ between patients and remain unknown clinically. Furthermore, the data quality obtained by the used QCT acquisition protocol may not be equivalent to that of clinically available imaging. In particular, the isolated and cleaned bones were scanned in air, which may provide superior density quantification compared to the in situ conditions. All density measures were restricted to the anticipated cancellous bone region. The inclusion of the dense subchondral bone layer into the screw ROI did not improve the correlations, but made these slightly worse for BMC (data not shown). However, these results may be specific to the fixation used in the biomechanical experiments. With respect to the theoretically optimal case, bone volume fraction may be an even better predictor than HR-pQCT-based BMC, but accurate quantification of this parameter requires even higher resolution micro-CT imaging. However, previous studies found excellent correlations between micro-CT based bone volume fraction and HR-pQCT BMD in 5-6 mm sized trabecular bone cubes from distal radii 35 and the vertebral bodies. 36 Detailed analysis of the outlier identified during the evaluation revealed that this specimen had, compared to the other bones, elevated density in the bone marrow region. Based on photographs, the presence of abundant blood was found in this humerus, being obviously different in comparison with the other samples. Further investigation of this issue was out of the scope of the present study.
Despite these limitations, this study showed for the first time that the clinically feasible bone mineral content evaluated in the articular cap region of the contralateral side was very strongly correlated with the number of cycles to failure of low-density instable proximal humerus fractures instrumented with angle stable plates. Future studies should investigate if this measure is able to predict clinical fixation failure. For all investigated conditions and evaluation regions, BMC was a better predictor for fixation failure than BMD and HR-pQCT provided better results than clinical QCT. However, these differences were non-significant and thus remain trends which require further investigation. The overall best correlation was obtained using HR-pQCT-based BMC around the tips of the proximal screws. This parameter may be used as an efficient surrogate measure of fixation failure for optimization and development of implants when computational models are not available.
